In insects, there are two different modes of segmentation. In the higher dipteran insects (like Drosophila), their segmentation takes place almost simultaneously in the syncytial blastoderm. By contrast, in the orthopteran insects (like Schistocerca (grasshopper)), the anterior segments form almost simultaneously in the cellular blastoderm and then the remaining posterior part elongates to form segments sequentially from the posterior proliferative zone. Although most of their orthologues of the Drosophila segmentation genes may be involved in their segmentation, little is known about their roles. We have investigated segmentation processes of Gryllus bimaculatus, focusing on its orthologues of the Drosophila segment-polarity genes, G. bimaculatus wingless (Gbwg), armadillo (Gbarm) and hedgehog (Gbhh). Gbhh and Gbwg were observed to be expressed in the each anterior segment and the posterior proliferative zone. In order to know their roles, we used RNA interference (RNAi). We could not observed any significant effects of RNAi for Gbwg and Gbhh on segmentation, probably due to functional replacement by another member of the corresponding gene families. Embryos obtained by RNAi for Gbarm exhibited abnormal anterior segments and lack of the abdomen. Our results suggest that Gb Wg/GbArm signaling is involved in the posterior sequential segmentation in the G. bimaculatus embryos, while Gbwg, Gbarm and Gbhh are likely to act as the segment-polarity genes in the anterior segmentation similarly as in Drosophila.
Introduction
In many invertebrate and vertebrate species, segmentation takes place sequentially from head to tail in a cellularized embryo. In insects, there are two different modes of segmentation. (1) In the higher dipteran insects (like Drosophila (fly)), their segmentation takes place almost simultaneously in the syncytial blastoderm embryo through a hierarchical cascade of diffusible transcription factors (Davis and Patel, 2002 for a review), designated here 'syncytial segmentation', which is well understood. (2) In the orthopteran insects (like Schistocerca (grasshopper)), the anterior segments are specified almost simultaneously in a pre-existing field of cells (Dearden and Akam, 2001) , whereas the remaining more posterior segments form sequentially from a posterior growth zone following gastrulation (Sander, 1976; Dearden and Akam, 2001; Davis and Patel, 2002 for a review). The posterior segmentation of the orthopteran insects resembles somitogenesis in vertebrates (Pourquie, 2003 for a review) rather than the syncytial segmentation in Drosophila. Since such a segmentation mode of the Orthoptera differs from that of the Diptera, we have little information about roles of their orthologues in their segmentation mode, in which their major orthologues of the Drosophila segmentation genes may be involved.
In order to investigate segmentation processes of the orthopteran insects, we have used the two-spotted cricket, Gryllus bimaculatus. As a first step, we have isolated G. bimaculatus homologues of Drosophila segmentation genes such as even-skipped, wingless, hedgehog, armadillo and homeotic genes such as Sex combs reduced, abdominal-A, and observed their expression patterns (Niwa et al., 2000 and unpublished data) . In this paper, we focused on its orthologues of the Drosophila segment-polarity genes, G. bimaculatus wingless (Gbwg), armadillo (Gbarm) and hedgehog (Gbhh), belonging to signaling molecules, because Gbwg is highly expressed in both anterior prospective segments and posterior-most proliferative zone of early embryos. This is a common feature in the grasshoppers and some beetles (Dearden and Akam, 2001; Nagy and Carroll, 1994; Schroder et al., 2000) . Oppenheimer et al. (1999) demonstrated that in embryos of Tribolium castaneum (Coleoptera), ectopic expression of wingless induced engrailed expression, suggesting that it functions as a segment-polarity gene. However, its roles in the posterior sequential segmentation have not been examined yet.
In order to analyze the functions of Gbwg and Gbarm during segmentation, we performed RNA interference (RNAi) to silence embryonic genes by injecting doublestranded RNA (dsRNA) into eggs at a syncytial blastoderm stage. We found that reduction of arm expression level results in lack of the abdomen, while the anterior segments retain but abnormally. Our results suggest that Gbwg and Gbarm are involved in the posterior sequential segmentation of G. bimaculatus embryos, while they may act as the segment-polarity genes in the anterior segmentation similarly as in Drosophila.
Results

The cricket, G. bimaculatus is an intermediate-germ type insect
The egg of G. bimaculatus is approximately 0.5-0.6 mm in diameter and 2.5 -3.0 mm long (Fig. 1A) . After fertilization, male and female pronuclei fuse near the center of the egg (Sato and Tanaka-Sato, 2002) . Mitoses took place within the yolk at about 3 h after egg laying (hAEL), then a uniform array of nuclei appeared on the surface of the yolk. To observe the process of embryogenesis, we stained the nuclei in the egg with alcoholic fuchsin (Fig. 1) . At 27 hAEL, the number of nuclei per unit area increased in the posterolateral region (bipartite germ anlage indicated by two arrows in Fig. 1B) , and a large patch of closely adjacent nuclei was observed on each egg flank. At 28 hAEL, the bipartite germ anlage started to merge from the posterior side (Fig. 1C) . At 30 hAEL, the unitary germ anlage was observed in the posteroventral region of the egg (Fig. 1D) . The germ anlage becomes to contract in left -right direction (Fig. 1E) . Then, the posterior region of the delineated germ anlage, the germ band, elongated slowly to form the prospective abdomen (Fig. 1F -K) . Until 96 hAEL, the abdomen of germ band was fully segmented (Fig. 1L) . At 5.5 -6 days AEL, the embryo underwent katatrepsis, i.e. the re-orientation process of the embryo moving head-first around the posterior pole from the dorsal to ventral side of the egg (Fig. 1M) , and then, the dorsal closure started. At 10 -11 days AEL, the embryogenesis was finished (Fig. 1N ).
Segmentation processes, as revealed by expression patterns of Gbwg and Gbhh
In order to visualize segmentation processes of G. bimaculatus embryos, we observed expression patterns of G. bimaculatus wingless (Gbwg). We have not succeeded in observing expression patterns of any genes prior to cellularization, because of high non-specific adsorption of RNA probes to egg yolk. At 30 hAEL, intense expression of Gbwg was observed in the anteriormost and the posterior-most regions of the embryos as two spots ( Fig. 2A) , corresponding to the eye-forming regions and the posterior proliferative zone, respectively, before gastrulation. At 33-34 hAEL, following gastrulation, Gbwg started to be expressed in the prospective antenna and mandible segments (Fig. 2B,C) , and then in the prospective maxilla, labium, prothoracic (T1) and mesothoracic (T2) segments in order by 36 hAEL (Fig. 2D) . These results indicate that the gnathal and thoracic segments are established within 36 hAEL.
Subsequently, Gbwg stripes appeared one by one in the prospective metathoracic (T3) and abdominal segments ( Fig. 2E -I ). An intercalary expression of Gbwg was observed in front of the prospective mandible (Fig. 2H , indicated by an arrow). The posterior-most expression continued at least until the completion of the segmentation. In late stages, Gbwg expression was observed in the ventral side of the limb buds, the hindgut and the ventral cerci, as previously described (Niwa et al., 2000) .
We also observed expression patterns of G. bimaculatus orthologue of another segment-polarity gene hedgehog (Gbhh; Fig. 2J-R) . At 30 hAEL, the first Gbhh expression was observed only in the anterior-most region of the embryos, corresponding to the prospective eye-and antenna-forming regions, not in the posterior region (Fig. 2J) . A new Gbhh stripe corresponding to the prospective antenna appeared until 33 hAEL (Fig. 2K , indicated by arrowheads). At 34 hAEL, Gbhh was expressed in the prospective mandibular segment (Fig. 2L) . At 36 hAEL, four pairs of Gbhh stripes appeared simultaneously between the prospective maxilla and T2 segments (Fig. 2M) . Then, a new Gbhh stripe appeared in the prospective T3 segment at 38 hAEL (Fig. 2N ) after the onset of the posterior elongation and then, in the prospective abdominal segment 1 (A1) at 40 hAEL (Fig. 2O) . Gbhh stripes appeared one by one also in the prospective abdominal segments, similar to the Gbwg ones ( Fig. 2G -I ,O-R). We performed double-staining for Gbwg and Gbhh. Gbhh expression (brown) was not detected in the most posterior cells in early stages (Fig. 2S) , while in later stages Gbhh expressed in cells adjacent to the posterior side of each Gbwg expression domain (blue) (Fig. 2T -W) . We found that Gbwg expression was earlier than the Gbhh expression in the posterior-most region. We have reported previously that the Engrailed (En) protein was detected in each segment, except for the most caudal segment (Niwa et al., 1997) , as observed for Gbhh. Similar patterns for En transcripts have been also reported in another cricket Acheta domestica (Rogers and Kaufman, 1996) .
Expression pattern and nuclear localization of Armadillo in G. bimaculatus
Since armadillo (arm) is known to be a Drosophila segment-polarity genes (Peifer and Wieschaus, 1990; Riggleman et al., 1990) involved in the canonical Wnt/Wg signaling pathways (Siegfried et al., 1994; Korswagen, 2002) , we isolated its cricket homologue, Gbarm, by screening the cricket EST database. The Gbarm cDNA clone encodes a protein having a high degree of identity (similarity) to Drosophila melanogaster Arm (DmArm); 80% (93%) in the N-terminal domain, 86% (98%) in the repeats domain and 68% (93%) in the C-terminal domain. Its similarities to the mosquito Arm or human b-catenin (Hulsken et al., 1994) are also shown in Fig. 3A .
Since Gbarm was expressed ubiquitously in embryos, we observed distributions of the Arm protein ( Fig. 3B -O ) with the N-2 polyclonal antibody against DmArm (Riggleman et al., 1990) . At 30 hAEL, intense signals for the Arm protein were observed in the eye-forming region, the midline of the protocorm, and the posterior-most region of embryos (green, Fig. 3B ). It is known that in the absence of Wg signal, Arm is associated with a complex including cadherins localized in adherens junctions, while in response to Wg-signaling, Arm accumulates in the nucleus and mediates the transcriptional activation of Wg target genes (Willert and Nusse, 1998) . To examine intracellular localization of GbArm, we compared its distributions with those of propidium iodide (PI) localizing to the nucleus (red; Ho et al., 1997) , as shown in Fig. 3 . The results revealed that GbArm molecules localized to the nuclei (yellow) in the anterior eye-forming regions and in the posterior-most region in early stages ( Fig. 3 (B -D) of 30 hAEL, (E -G) of 32 hAEL, and (H -K) of 36 hAEL). In addition, GbArm was expressed intensely in cells in the midline of the embryo, but not localized in the nucleus ( Fig. 3E -G ). Since the midline cells undergo gastrulation at these stages, GbArm may be involved in cell movement during gastrulation. GbArm was also observed to localize to the nuclei of cells in each anterior stripe ( Fig. 3L -O) , corresponding to the anterior Gbwg stripe, but not to the nuclei of cells between the stripes. These results indicate that the canonical Wnt/Wg pathway may be involved in the eye formation, the anterior segmentation and posterior sequential segmentation.
RNA interference in the G. bimaculatus eggs
We next attempted to use RNA interference (RNAi) to know functions of the G. bimaculatus orthologues of the Drosophila segmentation genes. At first, we examined whether RNAi worked in G. bimaculatus embryos with the enhanced green fluorescent protein (eGFP), Discosoma sp. red fluorescent protein 2 (DsRed2) and dsRNA for DsRed2, as shown in Fig. 4 . When eGFP and DsRed2 transcripts (1:1) were co-injected into an egg, both green and red fluorescence became detectable at about 6 and 12 h after injection of their transcripts, respectively. Both fluorescence lights were observed in a germ band for 1.5 -2 days (Fig. 4A,B) , and disappeared completely at 4 days after injection. When the DsRed2 dsRNA was coinjected with the two transcripts, only green fluorescence was observed in the germ band at 2 days after injection (100%, n ¼ 21) (Fig. 4C,D) . The same effect was observed, when the DsRed2 dsRNA was co-injected with a plasmid containing cDNAs of both eGFP and DsRed2, which can be expressed by the G. bimaculatus actin promoter (Zhang et al., 2002) in eggs (data not shown). These results indicate that the dsRNA-mediated gene silencing system works effectively in G. bimaculatus eggs. Since no morphological change was observed in embryos injected with DsRed2 dsRNA, we used them as a negative control in each RNAi experiment.
RNAi for Gbwg and Gbhh
To analyze the functions of Gbwg and Gbhh in early developmental stages, we performed RNAi by injecting the corresponding dsRNAs in eggs (Gbwg RNAi and Gbhh RNAi ) and negative control injected with DsRed2 dsRNA. The typical Gbwg
RNAi embryo incubated for 36 h after injection is shown in Fig. 4F . Although expression of Gbwg was reduced slightly in Gbwg RNAi embryos (Fig. 4F , 100%, n ¼ 3), compared with negative control (Fig. 4E) , in later stages 7 -8 we could not observe any morphological changes (100%, n ¼ 80) nor any significant changes in expression patterns of Gbwg (100%, n ¼ 50) in all examined Gbwg RNAi embryos. Gbwg RNAi embryos developed normally and hatched larvae exhibited no changes in apparent cuticle patterns (100%, n ¼ 10). Similarly, any significant effects on segmentation were not observed in Gbhh RNAi embryos (Fig. 4H ) and larvae (data not shown). We could not observe any significant changes in expression patterns of both Gbhh (100%, n ¼ 4) and Gbwg (100%, n ¼ 7) in early stages, any morphological change (100%, n ¼ 20) in stages 7 -8, nor any significant changes in expression patterns of Gbwg (100%, n ¼ 20) in all examined Gbhh RNAi embryos. Gbhh RNAi embryos developed normally and hatched larvae exhibited no changes in apparent cuticle patterns (100%, n ¼ 10).
RNAi for Gbarm
When we performed RNAi by injecting Gbarm dsRNA (1.0 mM), we observed that GbArm expression was reduced significantly, comparing with the negative control (Fig. 4I,J) , but remained variably in the anterior region of Gbarm RNAi embryos, as revealed by immunostaining with the N-2 antibody against DmArm (Fig. 4K -M) . When we increased the concentration of Gbarm dsRNA from 1.0 to 3.0 mM in order to eliminate GbArm expression completely, we could not find any embryos in injected eggs (Fig. 4N) . Thus, we could not reduce every expression of Gbarm in Gbarm RNAi embryos. However, we observed that the expression of Gbarm was eliminated almost always in the posterior region (85.7%, n ¼ 6 out of 7 (the total number of injected eggs)) and variably in the midline region of the prospective gnathal and thoracic segments of Gbarm RNAi results for Gbarm are shown in Fig. 5 , where Gbarm RNAi embryos lack all abdominal segments. We fixed and isolated embryos at 4 days after injection, because Gbarm RNAi embryos ceased to develop at 4 or 5 days after injection, and observed expression patterns of Gbhh, being a segment marker gene in both experimental and control embryos (Fig. 5A -D) . In the most frequent cases at 1 mM Gbarm dsRNA (Type I, 41.9%, n ¼ 31 out of 74 (the total number of analyzed embryos)), only the head and two thoracic segments (T1 and T2) were formed with abnormal appendages in Gbarm RNAi embryos, showing a complete lack of the T3 and abdomen (Fig. 5B) . In the next frequent phenotypes at 1 mM Gbarm dsRNA (Type II, 39.2%, n ¼ 29 out of 74), the procephalic, mandibular and maxillary segments, and a fused segment between the labium and T2 were formed (Fig. 5C ). In the most extreme case at 1 mM Gbarm dsRNA (Type III, 16.2%, n ¼ 12 out of 74), only the procephalon and abnormally fused anterior segments were formed, while peripheral expression of Gbhh was observed (Fig. 5D) . When a solution containing 3.0 or 5.0 mM Gbarm dsRNA was injected, embryos were not formed (Figs. 4N,5E ). It should be noted that even in the most severe phenotype, although its appearance became more frequent at higher dsRNA concentrations (Fig. 5E) , the anterior region always retained but abnormal. These results indicate the following: (1) Gbarm is indispensable for the formation of the T3 and abdominal segments originated from the posterior-most proliferative zone. (2) Gbarm may be involved in boundary formation in the anterior segments, at least in gnathal and thoracic segments. The variation of the phenotype may be due to incomplete silencing of Gbarm in the anterior region of Gbarm RNAi embryos, as mentioned above (Fig. 4L,M) .
Characterization of Gbarm RNAi embryos
To characterize Gbarm RNAi embryos, we observed expression patterns of G. bimaculatus orthologues of the Drosophila segmentation and homeotic genes, a pair-rule gene of even-skipped (Gbeve), homeotic genes of Sex combs reduced (GbScr) and abdominal-A (Gbabd-A). Their partial amino acid sequences are listed with the corresponding Drosophila ones in Fig. 6 . Their Gbeve is expressed as six stripes (Fig. 7A) , corresponding to the prospective mandible, maxilla, labium, T1, T2, and T3 segments in 
(B-D) Gbarm
RNAi embryos lack the T3 and abdominal segments, while the phenotype of the anterior region varied. The embryos were classified into three types according to the anterior phenotype. Type I: stripes of Gbhh expression in the anterior region is almost normal (n ¼ 31 out of 74 (the total number of analyzed embryos)) (B). Type II: stripes are disturbed between the Lb and T2 segments ðn ¼ 29=74Þ (C). Type III: stripes are severely disturbed ðn ¼ 12=74Þ (D). The white and black arrows indicate the prospective foregut and hindgut, respectively . Lr, labrum; Ey, eye; An, antenna; Mn, mandible; Mx, maxilla; Lb, labium; T1 -3, thoracic segments 1-3; A1, abdominal segment 1. In all panels, anterior is to the left. Scale bars, 0.5 mm. the anterior region, whereas Gbeve is sequentially expressed in each prospective abdominal segments during elongation of the posterior region (details will be published elsewhere). When we observed expression patterns of Gbeve in Gbarm RNAi embryos at early stages, normal six stripes (Fig. 7A ) decreased to five stripes in the anterior segments (n ¼ 6; 100%) (Fig. 7B) , indicating that the expression of Gbeve in the prospective gnathal/thoracic (T1 and T2) segments is independent of the canonical Wnt/Wg signaling pathway, while the prospective T3 segment is not formed. GbScr was expressed intensely in the maxillary (posterior region), labial, and T1 segments in the wild and control embryos (Fig. 7C , details will be published elsewhere.). In Gbarm RNAi embryos, no significant change was observed in 
(E, F) Expression patterns of Gbabd-A in a control (E) and Gbarm
RNAi embryos (F) incubated for 6 days. Expression of Gbabd-A was not observed in Gbarm
RNAi embryos, indicating Gbarm RNAi embryos completely lack the abdomen. In all figures, anterior is to the left. Scale bars, 0.5 mm.
the GbScr expression patterns (n ¼ 5; 100%) (Fig. 7D) , indicating that the identity of the corresponding segments remains unchanged. Gbabd-A was expressed specifically in the abdominal segments of the wild and control embryos (Fig. 7E , details will be published elsewhere), while its expression was not detected in the Gbarm RNAi embryos (n ¼ 10; 100%) (Fig. 7F) , indicating that the posterior elongation is completely suppressed by RNAi for Gbarm. These results support the conclusion that Gbarm is indispensable in the formation of the T3 and abdominal segments, but not in the formation of the gnathal/thoracic (T1 and T2) region.
Discussion
We examined segmentation processes of G. bimaculatus embryos. According to Davis and Patel (2002) , the criteria to classify segmentation processes into the short-, intermediate-and long-germ types are based on the number of specified segments in the germ anlage before gastrulation. In short-germ insects (e.g. grasshoppers) only segments of the head (the procephalon and gnathos) are specified in the blastoderm, whereas the remaining segments of the thorax and abdomen form progressively from a posterior growth zone following gastrulation. In the case of G. bimaculatus embryos, since the prospective head and two thoracic segments appear to be specified prior to gastrulation, whereas the remaining thoracic and abdominal segments form from a posterior growth zone, we concluded that this cricket belongs to the intermediate-germ type insects. This is consistent with the fact that another cricket, Acheta domestica, belongs to the intermediate-germ type, as reviewed by Sander (Sander, 1976) . While insect germ bands have been classified into the short-, intermediate-and long-germ types, it has been considered that the terms do not necessarily imply mechanistically similar events when applied to species in different insect orders (Patel et al., 1994) . Actually, expression patterns of Gbwg and Gbhh revealed that segmentation of G. bimaculatus embryos takes place in the similar mode as observed in the short-germ insect Schistocerca (Dearden and Akam, 2001) . From these results, G. bimaculatus is considered to be a model to understand how the cellular segmentation takes place in the orthopteran insect.
We first applied RNAi method to an orthopteran insect of G. bimaculatus and found that Gbarm RNAi embryos exhibited very interesting phenotypes. However, we could not observe apparent abnormality in either Gbwg RNAi or Gbhh RNAi embryos and larvae. Since it is known that there are seven DWnt genes in the Drosophila genome, including wg (Llimargas and Lawrence, 2001) , it is reasonable to consider that several Wnt homologues may exist in the G. bimaculatus genome. We have attempted to isolate the homologues, but we have not succeeded yet. Nevertheless, our results for Gbwg RNAi embryos may be attributed to the presence of redundant members of the Wnt family, because, although the amount of Gbwg mRNA appeared to be reduced in Gbwg RNAi embryos, we could not observe any phenotypical changes. On the other hand, in the case of Gbhh RNAi embryos, expression of Gbhh was not reduced. So far we do not know the reason why Gbhh is 'RNAiresistant'. Based on our results, we proposed a hypothesis that the canonical Wnt/Wg signaling pathway is involved in the posterior sequential segmentation in the orthopteran insects (Fig. 8) . In the following sections, we discuss involvement of the Wg/Arm signaling pathway in the anterior and posterior segmentation separately, because its role may be different between them.
Involvement of Wg/Arm signaling in the anterior segmentation
We found that Gbwg started to be expressed as two spots in the anterior-most and posterior-most regions in early stages of G. bimaculatus embryo. Similar expression patterns have been reported in the short-germ insect Schistocerca (Dearden and Akam, 2001) . In later stages, Gbhh was expressed almost simultaneously in the prospective Fig. 8 . Schematic illustrations of early expression patterns of wg and hh, its relation to nuclear localization of Arm in the posterior proliferative zone, and the segments of the orthopteran embryo at late stage. The canonical Wnt/Wg signaling pathway may be involved in the establishment of the segment-polarity in the gnathal/thoracic (T1 and T2) region and in the posterior sequential segmentation in the orthopteran embryo. In early stages, the anterior region of the orthopteran embryo, including the prospective Mn, Mx, Lb, T1 and T2 segments, is formed, whereas there is the posterior proliferative zone, in which the canonical Wg/Arm signaling is active, making Arm proteins localized to the nuclei. In the posterior sequential segmentation, a segmentation clock may be involved.
gnathal/thoracic (T1 and T2) region, and then Gbwg was expressed sequentially in the anterior side of each Gbhh expression domain of an early germ band (Fig. 8) . To clarify functions of Gbwg and Gbhh, we performed RNAi experiments. However, we could not observe any significant changes of phenotypes in both cases. So far, we cannot propose any good interpretation of this phenomenon.
We observed interesting phenotypes in Gbarm RNAi embryos. Judged from the severe phenotype of Gbarm RNAi embryos (Type III), we concluded that Gbarm is not involved in the formation of the anterior region of the embryo, but may be involved in boundary formation between the segments. In Drosophila, arm is known to be involved in the Wg signaling pathway (Peifer and Wieschaus, 1990; Willert and Nusse, 1998) . Since translocation of Arm to the nuclei was observed in cells expressing Gbwg, GbArm is involved in the Gbwg signaling pathway. Therefore, it is probable that RNAi for Gbarm may shut the canonical Wnt/Wg pathway down although we have not observed any effect of RNAi for Gbwg or Gbhh. The expression patterns of Gbwg, Gbhh and GbArm indicate that those genes may act as the segment-polarity genes in the gnathal/thoracic segmentation similarly as in Drosophila.
Since Arm expression was not completely eliminated in the anterior-most region of Gbarm RNAi embryos, Arm functions in the anterior-most region (procephalon) remain unclear. Since we have not succeeded in performing the parental RNAi, we cannot observe effects of maternal transcripts on phenotypes obtained by injection of dsRNA in eggs. Thus, we need more experiments to elucidate functions of Gbarm in the anterior segments of G. bimaculatus embryos.
We observed an intercalary segmentation in front of the mandibular segment. Such phenomenon was also reported in Drosophila embryos, showing that a unique network of segment-polarity gene interactions exists (Gallitano-Mendel and Finkelstein, 1997) . The additional expressions of Gbwg and Gbhh suggested that a segment-specific interactions evolved to specify a structural diversity required for head morphogenesis, as proposed by Gallitano-Mendel and Finkelstein (1997) .
It should be noted that the anterior segmentation was confirmed to take place in cellular environment, but not in syncytial one in G. bimaculatus embryos, as revealed by expression patterns of Gbeve (Fig. 7A ). Dearden and Akam (2001) found for Schistocerca that there may be two distinct segmentation mechanisms in the Schistocerca trunk, i.e. the anterior segmentation in gnathal/thoracic region and posterior sequential segmentation. Our results support the idea proposed by Dearden and Akam (2001) that the major difference between the short-and intermediate-germ modes is likely to be quantitative, but not qualitative. Thus, the same segmentation mechanisms may exist in both short-and intermediate-germ type insects.
Involvement of Wg/Arm signaling in the posterior sequential segmentation
We found that Gbwg was expressed continuously in the posterior-most region of G. bimaculatus embryos (Fig. 8) . This expression pattern is a common feature in the intermediate-and short-germ insects (Dearden and Akam, 2001; Nagy and Carroll, 1994; Schroder et al., 2000) . The posterior elongation takes place between the T3 segment and the posterior-most region of embryos (Fig. 8) . Judged from the phenotypes of the Gbarm RNAi embryos, it is reasonable to propose that the canonical Wnt/Wg pathway involves in the posterior sequential elongation and segmentation. Since intermediate phenotypes, for example, lack of the T3 -A5 segments, were not observed even in mild RNAi conditions, Gb Wg in the posterior growth zone should be responsible for the phenotypes of the Gbarm RNAi embryos, and is likely to act as an organizing signal in the posterior sequential segmentation.
There are several lines of evidence supporting that Wg/Wnt may play essential roles in pattern formation through a process of cell -cell interaction. In Hydra, Wnt expressed in the putative head organizer may be involved in axis formation (Hobmayer et al., 2000) . Furthermore, recent advance in study on vertebrate somitogenesis reveals that the somites appear by the progressive anterior conversion of a temporally periodic pattern into a spatially periodic pattern, requiring the expression of homologues of the Drosophila pair-rule gene hairy and segment-polarity gene wingless (Pourquie, 2003 for a review). Recently, Wnt3a was reported to play major roles in the segmentation clock controlling somitogenesis in vertebrates (Aulehla et al., 2003) . In this case, Wnt/b-catenin signaling pathway is known to link to the segmentation clock through negativefeedback loop with Axin2 (Pourquie, 2003) . The existence of this mechanism in vertebrates makes the clock model for short and intermediate-germ insects plausible (Salazar-Ciudad et al., 2001) . Since the posterior segments are formed sequentially with about 2 h periodicity in the cricket embryos, it is probable that a segmentation clock operates in the insect embryos as discussed by Peel and Akam (2003) .
Experimental procedures
Animals
All of the adults and nymphs of the two-spotted crickets, G. bimaculatus, were reared at 28-30 8C with humidity of 70% under a 10L (light): 14D (dark) photoperiod as described previously (Niwa et al., 1997) . Fertilized eggs were collected with some pieces of the moisturized kitchen towels in a plastic dish and incubated at 30 8C.
Fuchsin staining
Standard protocol as described in Tribolium (Wigand et al., 1998) was used with slight modification for G. bimaculatus. Eggs were fixed for 45 min in Fixation solution A (1:1 mixture of heptan and 10.8% formaldehyde). After fixation, heptane was removed and the eggs were washed in 100% methanol three times (10 min each). Fixed eggs were treated again for 1 h with Fixation solution B (20:2.5:1 mixture of 95% ethanol, 100% acetic acid and 37% formaldehyde) and then washed four times (10 min each) with 70% ethanol. After incubation for 10 min in 2N HCl in a 60 8C water bath to hydrolyze RNAs and to modify DNA for Feulgen reaction, the eggs were washed once with water and twice with 70% ethanol. After removing supernatant, 1 ml of alcoholic fuchsin solution (5 mg/ml pararosaniline in 80% ethanol) and 10 ml of concentrated HCl were added and the eggs were incubated for 30 min (roll on wheel). Then, the eggs were washed repeatedly in 95% ethanol until no more red color is released by the embryos, two times in 100% ethanol to dehydrate completely, once with a 1:1 mixture of Benz mix (4:1 mixture of benzyl benzoate and benzyl alcohol) and 100% ethanol. We observed the stained embryos in eggs using a stereoscopic microscope.
4.3. Isolation of the armadillo, even-skipped, Sex combs reduced, abdominal-A cDNAs G. bimaculatus cDNA library was prepared from eggs at 2 days AEL. We found the full length of cDNA having a high degree of homology to Drosophila armadillo in our cricket EST database. Other cDNAs were isolated by homologybased RT-PCR with degenerate primers: 5 0 -TTY TTB AAR GAR AAY TAY GT-3 0 and 5 0 -CKY TGN CKY TTR TCY TTC AT-3 0 for even-skipped (123 bp), 5 0 -GAG CTG GAG AAG GAR TT-3 0 and 5 0 -ACC AAR GTC TTG GCC GCC-3 0 for both Sex combs reduced and abdominal-A (156 bp). Then, longer fragments of abd-A cDNA (895 bp) and Scr cDNA (1.1 kbp) were obtained by a 3 0 RACE strategy (Fig.  6 ). GenBank accession number AB109212 for G. bimaculatus armadillo cDNA; AB044713 for wingless (Niwa et al., 2000) ; AB044709 for hedgehog (Niwa et al., 2000) .
Whole-mount in situ hybridization and immunofluorescence
Standard protocols were used for whole-mount in situ hybridization using a digoxigenin (DIG)-labeled antisense RNA probes, as described previously (Niwa et al., 2000) . Immunostaining was performed with the N-2 antibody against Drosophila Armadillo (a generous gift from Dr Wieschaus) for G. bimaculatus embryos (Niwa et al., 1997) . The primary antibody was used at a 1:50 (anti-Arm) dilution; the antibody was detected using a secondary antibody conjugated to FITC at a 1:200 dilution. Primary antibody was incubated at 4 8C overnight and secondary antibody was for 3 h at 25 8C. PI staining was performed as follows. Embryos were treated with RNaseA (1 mg/ml) in PBS for 30 min at room temperature, washed with PBS a few times, and incubated in PI (2 mg/ml) solution containing PBS and Triton-X100 for 20 min at 4 8C. We observed its fluorescence using a laser scanning confocal microscopy (Lscm; Bio-Rad MRC 1024ES confocal microscope).
RNA interference experiments
The dsRNAs for Gbwg, Gbhh, Gbarm and DsRed2 were synthesized from the corresponding PCR fragments amplified with the upstream and downstream primers containing T7 promoter, using the MEGA-script Kit (Ambion). After RNA synthesis, the samples were extracted with phenol/ chloroform, and suspended in 40 ml TE solution after ethanol precipitation. The RNAs were denatured for 3 min at 94 8C in water bath, and annealed for 14 h. After ethanol precipitation, dsRNA was suspended in water. Final concentrations of dsRNAs are as follows: 1 mM for Gbarm dsRNA (416 bp), 5 mM for Gbwg dsRNA (980 bp), 5 mM for Gbhh dsRNA (620 bp), 1 or 5 mM for DsRed2 dsRNA (660 bp). The Gbarm dsRNA corresponds to a region coding the arm repeat 10-11 and insertion region. DsRed2 dsRNA corresponds to the nucleotide position 696-1355 of pDsRed2-N1 (Clontech, CA). The mRNAs for eGFP and DsRed2 were synthesized using the mMESSAGE mMACHINE Kit (Ambion). Final concentrations of the mRNAs are 1 mg/ml for eGFP, 1 mg/ml for DsRed2. After an egg-lay period of 3 h, the dsRNA or mRNAs was microinjected from posterior lateral side of the egg, as described previously (Zhang et al., 2002) .
